The design and fabrication of solid nanomaterials are the key issues in heterogeneous catalysis to achieve desired performance. Traditionally, the main theme is to reduce the size of the catalyst particles as small as possible for maximizing the number of active sites. In recent years, the rapid advancement in materials science has enabled us to fabricate catalyst particles with tunable morphology. Consequently, both size modulation and morphology control of the catalyst particles can be achieved independently or synergistically to optimize their catalytic properties. In particular, morphology control of solid catalyst particles at the nanometer level can selectively expose the reactive crystal facets, and thus drastically promote their catalytic performance. In this review, we summarize our recent work on the morphology impact of Co 3 O 4 , CeO 2 and Fe 2 O 3 nanomaterials in catalytic reactions, together with related literature on morphology-dependent nanocatalysis of metal oxides, to demonstrate the importance of tuning the shape of oxide-nanocatalysts for prompting their activity, selectivity and stability, which is a rapidly growing topic in heterogeneous catalysis. The fundamental understanding of the active sites in morphology-tunable oxides that are enclosed by reactive crystal facets is expected to direct the development of highly efficient nanocatalysts. nanocatalysis, morphology-dependence, metal oxides, structure-reactivity relationship, catalyst preparation
Introduction
Heterogeneous catalysis basically refers to a chemical reaction occurring on the surface of a solid catalyst, which involves a series of elementary steps: Adsorption of the reactants, diffusion of the intermediate species, transformation of the chemical bonds and eventually desorption of the products [1] . It is generally known that the low-coordinated atoms located in the defects such as terraces, edges, kinks, and vacancies on the solid surface act as the catalytically active sites [2] [3] [4] . The routine approach to maximize the number of the active sites is to lower the domain size of the catalyst particles as small as possible. As a result, the active catalyst typically contains small particles that are often single or poly crystals and the size is usually less than 10 nm and may be as small as 1 nm [5, 6] . Gold nanocatalyst sets a prominent example in this aspect [7] [8] [9] . Bulk gold has long been viewed as catalytically inert, but it turns to be highly active, in the size of 2-5 nm, for low-tempera-ture CO oxidation [7] . Extensive and intensive studies thereafter on this topic have revealed that this size-dependent phenomenon is linked with the variations in geometric and/or electronic properties of the gold nanoparticles through strong interaction with the oxide supports, which greatly facilitates the activation of the reactants [10, 11] . However, the fraction of the active atoms over catalyst particles is quite limited and a precise control of particle size with a narrow distribution at the nanometer level is still challenging [12] . The random atomic arrangement or the uncertainty of the coordination environment of the surface atoms on the catalyst nanoparticles by a trial-and-error approach hampers the understanding of the intrinsic catalytic mechanism and the construction of the profound structure-reactivity relationship.
The rapid advancement in materials science has now offered greater feasibility to tailor the shape of solid nanoparticles [13] [14] [15] [16] [17] [18] [19] [20] . According to the growth mechanism of nanocrystals in liquid solution, the morphology of the catalyst nanoparticles can be kinetically mediated by adjusting the growing rates along different orientations [21, 22] . That is, the desired crystal planes can be exposed in a large fraction through the morphology-controlled synthesis of catalyst particles using the bottom-up approach in liquid solution. Based on the uniform atomic arrangement and coordinating environment of the surface atoms over the exposed crystal facets, the catalytic reactions performed over these kinds of anisotropic nanoparticles surely favor the construction of intrinsic structure-reactivity relationship. The impact of morphology on the catalytic properties was early observed for Pt nanoparticles. Tetrahedral Pt particles mainly exposing the {111} facets were much more active in electron-transfer reaction between hexacyanoferrate ions and thiosulfate ions than cubic particles exposing the {100} facets [23] [24] [25] . Tetrahexahedral Pt nanocrystals that are enclosed by high-index facets such as {730}, {210} and {520} containing a relatively high density of atomic step edges and dangling bonds, exhibited a much higher activity for electro-oxidation of light oxygenates than the octahedral particles exposing low-index planes, like {111}, {100} and {110} [26] . Moreover, the shape of Pt nanoparticles also modulated the catalytic selectivity. Pt octahedra preferentially exposing more {111} terraces yielded a much higher enantioselectivity than other forms with similar sizes but lower fractions of {111} facets [27] . The origin of this shape-induced enantioselectivity was traced back to the favorable adsorption of the chiral modifier on the {111} surface. Therefore, it is fairly convincing that tuning the shape of the catalyst particles can remarkably alter the activity and selectivity owing to the significant variations in surface atomic configurations [28] . This phenomenon is termed as morphology-dependent nanocatalysis: Catalyst nanoparticle with a anisotropic shape can greatly modify the reaction performance by selectively exposing specific crystal facets [29] . To some extents, the morphology-dependent nanocatalysis bridges the materials gap between the real catalysts and the model catalysts in surface science that have readily demonstrated the catalytic activity or selectivity is largely dependent on the crystal facets or the coordination of the surface atoms.
To date, the concept of morphology-dependent nanocatalysis has mainly been explored for precious metal nanoparticles, mainly Pt, Pd, Rh and Ag [30] [31] [32] [33] [34] . This is perhaps because of the relatively positive electro-potentials of these metal ions that can be facilely reduced in liquid phase and the anisotropic growth of their nanocrystals can be easily mediated with the aid of structure-directing agents. Moreover, these precious metal nanoparticles are typically used for liquid-phase reactions that are often conducted at relatively lower temperatures, favoring to maintain their sizes and shapes. Several recent articles have comprehensively reviewed the progress on fabrication of precious metal nanoparticles [5, 6, 12-19, 34, 35] , their applications in heterogeneous catalysis [30] [31] [32] [33] [34] and electrocatalysis [36] [37] [38] [39] . However, such a morphology-dependent behavior has been scarcely applied to metal oxide nanoparticles [31, [40] [41] [42] . Metal oxides are commonly prepared using a multi-step procedure: Precipitation of metal ions in aqueous phase to form metal hydroxides, followed by thermal treatment of the hydroxides to generate oxides. The very fast precipitation rate hinders a precise control of size and shape of the hydroxide precursors, while the dehydration process that usually occurs at high temperatures is not a topologic transformation due to the largely differed crystalline structures between hydroxides and oxides. Moreover, the removal of water during the dehydration process generates substantial amounts of disordered pores and surface vacancies, resulting in coarse surfaces and poly-crystallinity. On the other hand, metal oxides are often applied to chemical reactions that are conducted at higher temperatures and their surface vacancies and lattice oxygen species are frequently involved in the catalytic recycles, causing significant variations in size and shape [43, 44] . Oxide surfaces play a major role in catalytic reactions but studies on oxide surfaces are much more embarrassed and complicated, compared to metal particles, mainly because of the difficulties in obtaining well-defined single crystal surfaces and implementing sensitive techniques to probe the local atomic and electronic properties [43, 44] . Oxides also present versatile crystallographic structures, such as rocksalt, corundum, fluorite, spinel, perovskite and wurtzite, being intimately associated with the arrangements of the metal cation with variable chemical state and the oxygen anion [44] . Furthermore, the temperature and reaction atmosphere induce restructuring of the oxide surfaces to more thermodynamically stable ones for minimizing the overall surface energy, especially the polar surfaces [43, 44] . These uncertainties in crystallographic structures complicate a clear understanding in the structure-reactivity relationship of metal oxides with respect to size and shape.
In recent years, there appeared several prominent examples of morphology-dependent nanocatalysis of metal oxides. As a matter of fact, MoO 3 was early observed to show an apparent catalytic anisotropy in propylene oxidation [45, 46] . Higher selectivity towards acrolein was achieved on the {100} planes but total oxidation to CO 2 occurred on the {010} facets. Polyhedral Cu 2 O microcrystals enclosed by {311} facets and octahedral Cu 2 O enclosed by {111} facets also showed notable shape-dependent effects in CO oxidation [47, 48] and photodegradation of methyl orange [49] , respectively. Octahedral SnO 2 nanoparticles had a much higher activity in CO oxidation owing to the exposure of the {111} facets [50] . The morphology-dependent property was also applicable to acid-base oxides. MgO hexagonal platelets exposing {100} face was more active for benzylation of aromatic compounds than MgO cubes and plates [51] . Similarly, MgO nanosheets exposing the {111} planes displayed a much higher activity for benzaldehyde condensa-tion with acetophenone than the MgO cubes that exposed the {100} facets [52, 53] . Al 2 O 3 nanotubes that preferentially exposed the {111} facets exhibited higher activity than Al 2 O 3 nanoparticles in ethanol dehydration to ethylene [54] . In most cases, the shape of the metal oxides, through exclusive exposure of reactive crystal planes, affects the catalytic reactivity more significantly than the conventionally considered parameters such as particle size and surface area. In this review, we mainly summarize our recent work on the morphology effect of Co 3 O 4 , CeO 2 and Fe 2 O 3 nanomaterials on their catalytic behaviors and demonstrate that tuning the shape of oxides may modulate the surface atomic configurations and in turn promote their catalytic properties.
Co 3 O 4
Tricobalt tetraoxide is one of the most important magnetic p-type semiconductors and has been widely used in magnetism [55] , lithiumion batteries [56] , supercapacitor [57] , chemical sensors [58] , photocatalysis [59, 60] and heterogeneous catalysis [61] [62] [63] [64] [65] [66] [67] [68] . One prominent feature in these applications is that the physical and chemical properties of [69, 70] . Co 3 O 4 is typically used to catalyze oxidations of carbon monoxide [61] [62] [63] [64] [65] [66] and hydrocarbons [67] . It was early reported that Co 3 O 4 catalyzed CO oxidation at a temperature as low as 54 °C, but the presence of trace amounts of moisture (3-10 ppm) in the reaction gas, covering the active Co 3+ sites, decreased the activity remarkably [71, 72] . We have found that tuning the shape of Co 3 O 4 from spherical nanoparticles to nanorods not only enhanced the activity but also improved the durability in CO oxidation, showing a notable morphology-dependent phenomenon [61] . Cobalt hydroxycarbonate nanorods were prepared by precipitation of cobalt acetate with sodium carbonate in ethylene glycol. Calcination of this rod-shaped precursor at 450 °C in air yielded Co 3 O 4 nanorods with a diameter of 10-20 nm and a length of 200-300 nm (Figure 1 ). For CO oxidation at 77 o C, the spherical nanoparticles gave an initial CO conversion of 30% which then rapidly decreased to about 10%. On the other hand, the nanorods showed 100% CO conversion during the initial 6 h and the conversion of CO remained at 80% after reaction for 12 h, being obviously more active and stable than the Co 3 O 4 nanoparticles. The reaction rate of CO oxidation on the nanorods was almost one order of magnitude larger than that over the traditional spherical nanoparticles. For example, the reaction rate on the nanorods was 3.91×10
6 mol CO g 1 s 1 at 77 °C, but the corresponding value for the nanoparticles was only 4.66×10
. However, the apparent activation energies were almost the same (about 22 kJ mol 1 ) in both cases, indicating that the morphology affects the reaction rate significantly but does alter the reaction pathway. The reaction orders of CO and O 2 over the Co 3 O 4 nanorods were 0.12 and 0.28, respectively. This implies that the surfaces of the nanorods were almost saturated with CO and O 2 , leading to very weak dependences of CO and O 2 concentrations. HRTEM observations have identified that the Co 3 O 4 nanoparticles were enclosed by eight {111} and six {001} planes while the nanorods exposed preferentially the {110} planes with a surface fraction of about 40%. As mentioned above, the Co 3+ species acting as the active sites for CO oxidation could only be present on the {110} plane [73, 74] . Density functional theory calculations performed on the Co 3 O 4 surface for CO oxidation indicated that the CO preferentially interacts with the surface Co 3+ site which was the only favorable site for CO adsorption, whereas the Co 2+ species were almost inert [70] . Therefore, the dominant exposure of {110} planes which are rich in catalytically active Co 3+ species on the nanorods led to a higher activity in CO oxidation. In other words, the origin of the morphology-dependent effect is that the Co 3 O 4 nanorods expose preferentially the reactive {110} planes that are terminated by octahedrally coordinated Co 3+ species. This result convincingly evidenced that exposure of reactive crystal planes through morphology control could essentially promote the catalytic performance through enriching the active sites on the surfaces of the oxide nanoparticles.
Similar shape effect for CO oxidation has also been observed on Co 3 O 4 nanobelts and nanocubes [63] . The reaction rate of CO oxidation at 56 o C was 0.85 μmol CO g 1 s
1
on Co 3 O 4 nanobelts that predominantly exposed the {110} facets, whereas it was only 0.62 μmol CO g 1 s 1 on Co 3 O 4 nanocubes terminated by the {001} planes. This is in accord with the easier reduction of Co 3 O 4 nanobelts by CO than that of the Co 3 O 4 nanocubes. These results demonstrated that the surface layer lattice oxygen on the {110} planes can be more easily activated than that over the {001} planes due to the presence of Co 3+ species. Recently, Co 3 O 4 nanowires (3 nm in diameter) enclosed by the {111} planes showed a much higher CO oxidation rate of 161.75 μmol CO g 1 s 1 at 248 °C [65] . This performance was ascribed to the larger surface area and the abundant Co 3+ cations on the surfaces. Kinetics tests for CO oxidation also indicated that Co 3 O 4 nanoplates exposing the {111} planes exhibited a higher activity and a lower activation energy of 21 kJ/mol, while the Co 3 O 4 nanorods exposing {110} planes had activation energy of 40 kJ/mol [66] . Although these results are somewhat different from previous views, perhaps due to the porous structures with cracks and interspaces in the Co 3 O 4 nanostructures, an obvious morphology-dependent effect in CO oxidation has been obtained.
Co 3 O 4 nanosheets, nanobelts and nanocubes also showed morphology-dependent effect in methane combustion (Figure 2) [67] . The T 50 (the temperature at which the conversion of methane reaches 50%) decreased following the order nanocubes > nanobelts > nanosheets with the reaction rates Structure analyses revealed that the predominantly exposed planes were {112} on nanosheets, {110} on nanobelts and {001} on nanocubes. Judging by the surface atomic arrangement, the activity of methane combustion over these crystal planes follows the order of {112} > {110} >> {001}. Therefore, the nanosheets exposing the high-energy {112} planes yielded a higher activity towards methane combustion, reaffirming that morphology control of nanostructured cobalt oxides benefits a large exposure of catalytically active sites.
CeO 2
Cerium dioxide is widely used as an important component or as a structural and electronic promoter in heterogeneous catalysts [75] . It typically acts as an oxygen buffer in the three-way catalysts for abating vehicle exhausts. Because of this most important technological application, both the materials science and the heterogeneous catalysis communities, have focused on extensive investigations on this material. The unique properties of CeO 2 primarily originate from the quick and reversible redox cycle between Ce 4+ and Ce 3+ in the fluorite lattice, through which the oxygen in gas phase can be easily transferred into the solid surface where the chemical reaction occurs. Accordingly, CeO 2 has been considered as an excellent oxygen buffer, commonly defined by the term of oxygen storage capacity (OSC). In addition to the particle size effect, the OSC is also largely dependent on the morphology of ceria particles.
Ceria nanocrystals are usually terminated by three low-index surfaces: {111}, {110} and {100}. Theoretical analyses on the electronic structure and the chemical coordination patterns of these surfaces indicated that the stability of these surfaces followed the order of {111} > {110} > {100} [76] [77] [78] . Accordingly, ceria particles usually show octahedral or truncated octahedral shapes that mainly expose the most stable {111} facets in order to minimize the overall surface energy. Inversely, the energy required to create oxygen vacancies on the {111} surface is greater than those on the {110} and {100} surfaces. Experimental studies have revealed that the shape of ceria particles play a vital role in catalytic reactions, depending on the exposed facets [79] [80] [81] [82] [83] [84] [85] [86] . For example, CeO 2 nanorods exposing the {100} and {110} planes were more active for CO oxidation than polyhedral CeO 2 nanoparticles enclosed predominantly by the {111} planes [79] . Oxygen storage and release can occur both at the surface and in the bulk of ceria nanorods and nanocubes but it is restricted only to the surface of nanopolyhedral ceria [80] . Such superior oxygen storage capacity is linked to the fact that the {100}-and {110}-dominated surfaces are inherently more reactive than the {111}-dominated ones due to the facilitated migration of lattice oxygen from the bulk to the surface. We have prepared CeO 2 nanorods and nanoparticles and examined their morphological effect in CO oxidation as well [81, 84] . The CeO 2 nanoparticles had an average size of about 6 nm, and the interplanar spacing of 0.31 nm indicated the dominant presence of the {111} plane (Figure 3 ). The CeO 2 nanorods had an average diameter of about 11 nm and a mean length of about 100 nm. When viewed along the [100] direction, the lattice spacing of the fringes perpendicular to the elongation direction of the nanorod was 0.19 nm, showing the exposure of the {110} and {100} planes [81] . As a consequence, the nanorods were more active for CO oxidation than the nanoparticles. More interestingly, the morphology of ceria also influenced the product distribution in oxidation reactions. Well-defined ceria nanocubes of 10 nm selectively catalyzed toluene oxidation in liquid phase by O 2 , yielding benzaldehyde as the only product (Figure 4) [83] . However, benzyl alcohol, benzoic acid and benzaldehyde were simultaneously produced on irregular CeO 2 nanoparticles that mainly exposed the {111} facets.
Recently, theoretical simulation has predicted that ceria nanotubes tend to have a multilayered structure with more oxygen vacancies, grain boundaries, and triple junctions on the surface [85] . These defects are potential active sites for oxidation reactions. CeO 2 nanotubes with the diameter of 200 nm and length of 30-40 μm efficiently catalyzed CO oxidation, and reaction rate at 200 °C was 400 times higher than that over CeO 2 nanoparticles [86] . This enhanced performance was due to larger amounts of reactive boundary regions between nanocrystals and the reactive {100} facets. Two-dimensional anisotropic ceria nanostructures, especially ultrathin nanoplates, have attracted increasing attention because of their unusual properties derived from the exceptionally small thickness and the possible quantum size effect. Ceria nanosheets exposing {111} facets with a thickness of 2 nm and a lateral dimension up to 4 μm were formed through self-organization and recrystallization of ceria nanocrystals [87] . More recently, ceria nanoplates with a thickness of 2 nm but different lateral dimensions have been successfully prepared by solution-phase synthesis using suitable mineralizers (Figure 4) [88] . The OSC of these ceria nanoplates was triple or four times greater than that of ceria nanospheres owing to the exposure of the reactive {100} planes, which facilitated the formation of oxygen vacancies.
Fe 2 O 3
Fe 2 O 3 nanomaterials with inherent environmental benign character and outstanding thermal stability have shown shape-dependent properties in magnetic storage [89] [90] [91] [92] , gas-sensing [93, 94] and catalysis [95] . Fe 2 O 3 is polymorphic and its crystal structure strongly depends on the configurations of Fe 3+ and O 2 ions. To date, four polymorphs, α-, β-, γ-, and ε-Fe 2 O 3 , have been identified [96] . Among them, β-Fe 2 O 3 with a bixbite structure and orthorhombic ε-Fe 2 O 3 are thermodynamically unstable and thus can exist only at nanometer scale. Highly crystalline α-and γ-Fe 2 O 3 are the most interesting and potentially useful phases. α-Fe 2 O 3 (hematite) has a corundum-type structure (space group of R3 _ ch) with lattice parameters of 0.503521 and 1.37508 nm [97] . Fe 3+ ions occupy two-thirds of the octahedral sites that are confined by the nearly ideal hexagonal close-packed O lattice. The most frequently exposed plane of hematite is {001}, which is terminated only by Fe atoms or O atoms, whereas another low index {100} plane simultaneously contains both Fe and O atoms [43, 44] [98] , and almost equivalent surface energy is observed over {001}, {011}, {112} and {012} facets after surface reconstruction.
The exposed crystal facets of α-and γ-Fe 2 O 3 nanomaterials have remarkably modulated the reaction efficiencies in catalysis [99] [100] [101] [102] [103] [104] [105] . For example, quasicubic α-Fe 2 O 3 of 40 nm in size showed a much higher activity in CO oxidation than the flower-like structure ( Figure 5 ). Despite the lower surface area (18.3 m 2 g 1 ) than the flower-like one (39.9 m 2 g 1 ), the superior performance of the cubes was straightforwardly assigned to the exclusive exposure of the {110} planes that have a much higher iron density (10.1 atoms/nm 2 ) [102] , favoring CO activation. Recent investigations on α-Fe 2 O 3 nanorods and nanoparticles further confirmed the exceptionally high activity of the {110} planes in CO oxidation and CH 4 combustion [103, 104] . Similarly, γ-Fe 2 O 3 nanoparticles also exhibited morphology-dependent performance. Polyhedral γ-Fe 2 O 3 particles that are enclosed by six {100}, eight {111} and twelve {110} facets had a much better activity and selectivity in styrene oxidation to benzaldehyde than a spherical γ-Fe 2 O 3 [105] . The two samples had very close surface area (about 19 m 2 g 1 ), but the rich exposure of the reactive {110} facets in the polyhedral structure resulted in quite promising reaction efficiency.
We have recently prepared α-and γ-Fe 2 O 3 nanorods and examined their crystal-phase effect in catalytic reduction of NO with CO [106] and NH 3 [107] . The β-FeOOH precursor was synthesized by aqueous-phase precipitation of ferric chloride with sodium carbonate with the aid of poly ethylene glycol (PEG) at 120 °C. The rod-like β-FeOOH had a diameter of 30-50 nm and a length of 400-500 nm. Anlyses on the HRTEM images revealed that the nanorod was terminated by two {100} flat planes, two {010} side planes, and two {001} end planes. Calcination at 500 °C of the β-FeOOH precursor in air for 5 h yielded α-Fe 2 O 3 nanorods with the diameter of 30-40 nm and the length of 400-500 nm (Figure 6 ). More specifically, the α-Fe 2 O 3 nanorod was enclosed with two (2 1 _ 0) and two (001) side-planes, and two (010) top planes. The side planes were Fe-terminated surfaces without O anions whereas the minor top (010) planes simultaneously contained Fe and O ions. When the β-FeOOH precursor was heated to reflux in PEG at 200 °C under N 2 flow, however, it was dehydrated to γ-Fe 2 O 3 nanorods with the diameter of 30-40 nm and the length of 400-500 nm (Figure 6 ). The γ-Fe 2 O 3 nanorod had {110} and {001} side planes and {110} top plane, and more importantly these exposed planes were terminated simultaneously by iron cations and oxygen anions. Since γ-Fe 2 O 3 is metastable and readily transforms to α-Fe 2 O 3 upon heating to 300-400 °C in air [108, 109] , phase stability of the γ-Fe 2 O 3 nanorods was examined by XRD experiments. The characteristic (311) and (400) diffraction lines of γ-Fe 2 O 3 kept stable up to 600 °C with only slightly lowered intensities. Above 600 °C, the (104) and (110) NO reduction by CO is one of the key reactions in the three-way catalytic converter for abating the exhaust emitted from gasoline-fuelled engines, where rhodium currently acts as the most active catalyst [110] [111] [112] [113] . Less expensive metal oxides have been widely viewed to be the potential candidates for this environmentally important reaction [114] [115] [116] [117] . Figure 7(a) shows NO conversion on the Fe 2 O 3 nanorods in NO reduction by CO. The reaction readily started at 175 °C on the γ-Fe 2 O 3 nanorods whereas it occurred at 325 °C over the α-Fe 2 O 3 nanorods. At 500 °C, the conversion of NO approached 95% on the γ-Fe 2 O 3 nanorods but it was only 40% on the α-Fe 2 O 3 nanorods. NO reduction by CO on Fe 2 O 3 follows a redox mechanism [118] . NO adsorbs on ferric site and is activated by the neighboring oxygen ion; CO reduces Fe 2 O 3 to maintain a sufficient concentration of surface oxygen vacancies. The ferric ion on the α-Fe 2 O 3 nanorods can only facilitate the adsorption of NO molecules, while the ferric and oxygen ions over the γ-Fe 2 O 3 nanorods not only activate NO molecules but also facilitate the redox process of NO reduction by CO. As a result, the co-existence of oxygen and ferric ions on the γ-Fe 2 O 3 nanorods is characterized by the remarkably improved activity.
Selective catalytic reduction of NO with NH 3 is a mature technology for NO x abatement in both stationary and mobile sources. The γ-Fe 2 O 3 nanorods showed 80% NO conversion in a temperature range of 200-400 °C with nitrogen selectivity of about 98% (Figure 7(b) ). On the α-Fe 2 O 3 nanorods, however, the temperature window for 80% NO conversion shifted to 330-450 °C. This prominent catalytic property of the γ-Fe 2 O 3 nanorods is intimately associated with the exposed {110} and {001} planes. Temperature-programmed desorptions of NH 3 and NO on the Fe 2 O 3 nanorods demonstrated that the reactive dissociation of NH 3 and the adsorption of NO occurred much more easily. This relies on the fact that the simultaneous exposure of iron and oxygen ions on {110} and {100} planes provides a large number of catalytically active sites for the adsorption and activation of NH 3 and NO molecules.
Oxide-based nanocatalysts
The morphology of metal oxides not only affects their catalytic performance, but also shows potential implications in fabricating novel nanostructured catalysts such as metal-oxide and oxide-oxide systems. The influence of oxide shape on metal/oxide catalysts has been demonstrated by the Au/CeO 2 system. A strong shape/crystal plane effect of CeO 2 on the activity of Au/CeO 2 catalysts for the water-gas shift (WGS) reaction has been clearly identified [119] . Gold particles dispersed on ceria nanorods that were enclosed by {110} and {100} planes were the most active system owing to the fact that the rod-shaped support stabilized tiny Au clusters (Figure 8) . Similarly, CeO 2 nanorods having a higher concentration of oxygen vacancies not only enhanced the activity of Pd/CeO 2 catalysts for the WGS reac- tion but also promoted the catalytic durability by inhibiting the aggregation of Pd nanoparticles under working conditions [120] . The support-dependent activity was further demonstrated on CeO 2 nanorods/octahedral [121] [122] [123] [124] [125] [126] , Co 3 O 4 nanosheets/nanorod [127, 128] and Fe 3 O 4 nanocubes [129] for the depositions of Au, Cu, Pd and Pt nanoparticles. However, the preferential deposition of the metal nanoparticles on the desired crystal facets of the oxides is still empirical and leaves as a ground challenge in nanocatalysts. Another important issue is to synthesis binary metal oxides or composite oxides. When a foreign metal cation is doped into the lattice of a meal oxide, the chemical bond and the coordination environment changes significantly. This binary system, often in the form of solid solutions, not only facilitates the mobility of oxygen species but also creates more defective sites on the surfaces. Therefore, mixed oxides are often more active in catalysis than the individual ones. Few recent examples such as CeO 2 -ZrO 2 nanorods/nanotubes [130] [131] [132] , CeO 2 -MnO 2 nanocubes/nanorods [133] and CeO 2 -TiO 2 nanofibers [134] exhibited obvious morphology-dependent effect. The morphology of CeO 2 -MnO 2 nanomaterials that are enclosed by {100} and {111} facets considerably affected the reaction rate and the product selectivity in ethanol oxidation (Figure 9) . The nanocubes had an average particle diameter of about 18 nm and exclusively exposed the {100} planes. The nanorods had an average diameter of about 7 nm and a length of 50-100 nm and were terminated by four {111} (74%) and two {100} (26%) planes. Kinetic investigation of ethanol oxidation revealed that the {100} and the {111} planes had very close apparent activation energies, indicative of the common manganese active species, but the specific reaction rate on the {100} plane was two times greater than that on the {111} plane because of the intrinsically higher oxygen storage capacity. These results confirm that morphology control of binary oxides at the nanometer level could promote their catalytic properties substantially.
Concluding remarks
It is apparent that morphology-dependent nanocatalysis in metal oxides has offered a new strategy to finely tune catalytically active sites. Shape-controlled metal oxides, which preferentially expose the reactive facets, bridge the materials gap between the model catalysts and the real catalysts, favoring to elaborate the intrinsic structure-reactivity relationship. Although significant progress has been made in this field, there remain several critical issues in applying metal oxides nanomaterials to nanocatalysts. Firstly, development of facile and reproducible approaches for precise morphology control is of utmost importance. Efficient routes to adjust the kinetics of aqueous-phase precipitation and high-temperature dehydration in fabricating metal oxides are missing. Significant amounts of surfactants are usually used to direct the fabrication of the hydroxide precursors in the hydrothermal or solvothermal process, but this approach only gives a kinetically stable structure that may be further transformed into thermodynamically stable shapes upon removing the surfactants or experiencing thermal treatment, yielding typical spherical oxide nanoparticles. Therefore, more efficient routes to prepare metal oxides with stable size and shape hopefully without the presence of surfactants or to remove the surfactants easily but keeping the nanostructure is highly expected. Secondly, shapecontrolled metal oxides have the potential to construct nanostructured metal/oxide and binary oxide catalysts.
When being used to support metal nanoparticles, analyses on the interaction between a metal particle and an oxide facet help to elucidate the intrinsic mechanism of strong metal-support interaction, which is one of the fundamental issues in heterogeneous catalysis, but the most important topic is crystal-facet selective deposition of metal nanoparticles. To date, preferential deposition of metal nanoparticles on desired crystal facets of oxides is still empirical and leaves as a ground challenge. In the case of morphology-controlled synthesis of binary or composite oxides, there lacks a deep understanding in the solution chemistry of two metal species, especially the different nucleation behavior and growing kinetics. Therefore, it is still very difficult to achieve homogeneous chemical compositions, uniform dimensions and tunable shapes. Finally, the shape of the oxide-based catalysts varied largely under reaction conditions because the reaction atmosphere and temperature induced restructuring of the oxide. Information of the dynamic behavior of the catalysts during the reaction recycles is the precondition in building a reliable structure-reactivity relationship. In summary, it can be reasonably expected that the concept of morphology-dependent nanocatalysis not only deepens the fundamental understanding of the structurereactivity relationship in heterogeneous catalysis, but also provides a new direction in design and preparation of highly efficient practical catalysts.
This work was financially supported by the National Natural Science Foundation of China (20923001, 21025312) .
